Abstract: Fulvestrant (Faslodex™) is a pure antiestrogen that is approved to treat hormone receptor-positive metastatic breast cancer in postmenopausal women. Previous studies have demonstrated that fulvestrant metabolism in humans involves cytochromes P450 and UDPglucuronosyltransferases (UGTs). To date, fulvestrant sulfation has not been characterized. This study examined fulvestrant sulfation with nine recombinant sulfotransferases and found that only SULT1A1 and SULT1E1 displayed catalytic activity toward this substrate, with K m of 4.2 ± 0.99 and 0.2 ± 0.16 µM, respectively. In vitro assays of 104 human liver cytosols revealed marked individual variability that was highly correlated with β-naphthol sulfation (SULT1A1 diagnostic substrate; r = 0.98, P , 0.0001), but not with 17β-estradiol sulfation (SULT1E1 diagnostic substrate; r = 0.16, P = 0.10). Fulvestrant sulfation was correlated with both SULT1A1*1/2 genotype (P value = 0.023) and copy number (P , 0.0001). These studies suggest that factors influencing SULT1A1/1E1 tissue expression and/or enzymatic activity could influence the efficacy of fulvestrant therapy.
Introduction
While tamoxifen has been the gold standard of treatment for estrogen receptor-positive breast cancer, the untoward effects associated with the pharmacological profile of this drug (namely, its partial agonism) and the frequent occurrence of drug resistance has prompted the search for antiestrogens devoid of estrogenicity (ie, pure antiestrogens). Several studies have shown that estradiol (E2) derivatives bearing a functionalized side chain in position 7R satisfy this criterion. Among these compounds, fulvestrant (ICI 182780) was selected for clinical trials because of its high in vivo antitumor activity, notably in animal models of tamoxifen-resistant breast cancer, and is currently in clinical use. 1 Fulvestrant (Faslodex™) is the first of a new type of endocrine treatment -an estrogen receptor (ER) antagonist that downregulates the ER and has no agonist effects. Fulvestrant is a 7α-alkylsulphinyl analog of 17β-estradiol, which is distinctly different in chemical structure from the nonsteroidal structures of tamoxifen, raloxifene, and other selective estrogen receptor modulators. 2 Fulvestrant competitively inhibits binding of estradiol to the ER, with a binding affinity that is 89% that of estradiol. 3 Studies in the MCF-7 human breast cancer cell line have shown that fulvestrant significantly suppresses cellular levels of ER protein 4 and inhibits ER-induced expression of the progesterone receptor (PgR), the estrogen-regulated protein pS2, and cathepsin D more strongly than tamoxifen. 5 Importantly, fulvestrant has also demonstrated antitumor 
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Edavana et al activity in tamoxifen-resistant MCF-7/TAMR-1 cell lines, confirming a lack of cross-resistance between tamoxifen and fulvestrant. 6, 7 Previous studies of fulvestrant metabolism in humans indicate the involvement of multiple drug metabolizing enzyme families, including the cytochromes P450, UDPglucuronosyltransferases (UGTs), and sulfotransferases (SULTs). 8 While specific P450 s and UGTs involved in fulvestrant metabolism have been identified, 8, 9 specific SULT isoforms involved in fulvestrant sulfation have not been described, although fulvestrant sulfates are major metabolites detected in human urine.
The polymorphic nature of SULTs has long been recognized. [10] [11] [12] These studies have demonstrated large individual variation (about 50-fold in some studies) in the activity of platelet SULT1A1 in humans. [13] [14] [15] Some of this variability can be explained by a common single-nucleotide polymorphism (SNP; a G to A transition) in the coding region (nucleotide 638) of the SULT1A1 gene. 16 Another factor that may also affect enzymatic activity is gene deletion and duplication. Hebbring et al observed that SULT1A1 enzymatic activity is also correlated with SULT1A1 gene copy numbers in vitro. 17 Recently, the laboratory of the current study reported that SNPs located in the 3′-UTR and 3′-flanking region of SULT1A1 are significantly associated with SULT1A1 activity, and this effect remains when stratified by SULT1A1 copy number. 18 Functional SNPs in SULT1E1, however, are not as well described. The present study examines interindividual variability in fulvestrant sulfation, SULT isoforms involved, and the influence of SULT1A1 genetic variants on fulvestrant sulfation.
Material and methods Materials
Fulvestrant was provided by AstraZeneca Pharmaceuticals (Macclesfield, Cheshire, UK). 3′-phosphoadenosine-5′-phosphosulfate (PAPS) was obtained from the Department of Chemistry, University of Dayton (Dayton, OH). Sequencing and PCR Primers were purchased from Invitrogen (Grand Island, NY). All other chemicals used were of reagent grade from Fisher HealthCare (Houston, TX).
Mass spectrophotometric analysis of fulvestrant sulfation
Fulvestrant-3-O-sulfate was synthesized according to published methods. 19 Fulvestrant and its sulfated metabolite were analyzed using a Waters Acquity Ultra-High Pressure Liquid Chromatography™ (UPLC™) (Milford, MA) connected to a Thermo Scientific Quantum (TSQ ® ) Ultra™ mass spectrometer (Waltham, MA). Chromatography was performed using a Waters BEH C18 column (2.1 × 50 mm, 1.7 µm particle size) with a gradient of water and methanol starting at 50% methanol; up to 77% methanol over 1.5 minutes; 77% methanol for 1.3 minutes; followed by 100% methanol for 1 minute. Both solvents contained 20 mM ammonium formate. The injection volume was 3 µL. Retention times were found to be 2.15 and 2.80 minutes for fulvestrant-sulfate and fulvestrant, respectively. The mass spectrometer was operated in negative ion mode using an H-ESI probe (Thermo-Fisher Scientific, Waltham, MA). The heated probe was set at 300°C; the heated capillary was held at 350°C; the spray voltage was set to 2300 V; and the sheath and auxiliary gasses were at 45 and 20 arbitrary units, 
sulfation by human liver cytosols
Human liver specimens (n = 104) were obtained from the Cooperative Human Tissue Network (CHTN; Mentor, OH). All liver specimens were from Caucasian donors ranging in age from 10-85 years, with 56 male and 44 female donors. African Americans were excluded from this study due to low numbers that precluded racial comparisons. All liver specimens were snap frozen upon harvest and were confirmed as histologically normal tissue by CHTN. Tissue specimens that exhibited abnormalities were excluded from this study. Cytosols were prepared from human liver tissue as previously described, 20 and stored frozen at −80°C until assayed. Cytosolic protein levels were determined using the Bradford method with bovine serum albumin as a standard. Incubations to determine activity toward fulvestrant contained 500 µM fulvestrant (dissolved in dimethyl sulfoxide, DMSO: H 2 O, 1:3), 50 mM tris-HCl buffer, pH 7.5 and 20 µM PAPS, and 100 µg cytosolic protein in a final volume of 100 µL. The final DMSO concentration in the reactions was ,1%. Control reactions were run with no substrate but contained the appropriate volume of the DMSO vehicle. Reactions were incubated for 15 minutes at 37°C and then terminated by adding 50 µL acetonitrile: acetic acid (96:4), then analyzed using a Waters Acquity UPLC connected to a TSQ Ultra mass spectrometer. Activity toward β-naphthol was determined using a colorimetric assay, as previously described. 
139
Fulvestrant sulfation Activity assay toward 17β-estradiol used radioactively labeled E2, the sulfate acceptor cosubstrate, rather than radioactively labeled PAPS. 22 sulfation by recombinant sULTs Sulfation activity was determined using fulvestrant as substrate with each of nine different bacterially expressed human SULT isoforms. All SULTs were expressed in Escherichia coli using the pET vector to generate the native form of the enzyme and then purified by DEAE-Sepharose™ (Fisher Scientific, Houston, TX) chromatography to obtain a preparation suitable for enzymatic characterization. [23] [24] [25] [26] The resulting preparations were approximately 80% pure, and activities were calculated based on total protein. Assays were performed with each of the expressed human SULTs (SULT2A1, 1E1, 2B1a, 2B1b, 1A1, 1A3, 1B1, 1C1, and 1C2). Fulvestrant and its sulfated metabolite were analyzed using a Waters Acquity UPLC connected to a TSQ Ultra mass spectrometer.
Purification of human SULT1A1
and sULT1E1 for kinetic studies SULT1A1 and SULT1E1 were expressed using the pMAL-c2 vector in E. coli XL1-Blue cells, as described previously. 27 The pMAL-c2 vector generates a maltose binding protein (MBP) tag at the amino-terminal end of the SULTs, allowing for affinity purification with an amylose affinity column. The MBP is cleaved with Factor Xa protease immediately before the initial methionine residue in the SULT. The SULTs are then purified from the MBP and Factor Xa using DEAESepharose CL-6B chromatography and passage through a second small amylose affinity column. The resulting proteins were greater than 90% pure, as determined by SDSpolyacrylamide gel electrophoresis.
Kinetic analysis of fulvestrant sulfation
Fulvestrant sulfation activity was measured using radiolabeled [35 S]-PAPS as the sulfonate donor, as described previously. 28 Reactions were performed in 10 mM sodium phosphate (pH 7.4) and 5 mM MgCl 2 . PAPS concentrations ranged from 0.05 µM to 5 µM, and fulvestrant concentrations ranged from 0.1 µM to 20 µM for SULT1A1, and 0.1 µM to 5 µM for SULT1E1 reactions. Reactions were incubated for 5 minutes at 37°C and stopped with the addition of 200 µM of chloroform. The reactions were then vortexed, centrifuged at 2000 g, and an aliquot spotted onto a Whatman thin layer chromotography plate (Maidstone, Kent, UK), and resolved with a solution of 85 mL of methylene chloride, 15 mL of methanol, and 5 mL of ammonium hydroxide. Radioactive fulvestrant-sulfate was detected by exposure to autoradiograph film, and the radioactive spots scrapped into scintillation vials and quantified by scintillation spectroscopy. K m and V max values were determined using two substrate kinetic analysis based on the replots of the Lineweaver-Burk plots. 29 
K d determinations of substrate binding by intrinsic fluorescence
The affinity constants for fulvestrant and PAPS/PAP binding to the pure SULTs were calculated using intrinsic fluorescence changes in the enzymes, as described previously. 27 Pure enzyme (100 nM) was equilibrated at room temperature in a quartz cuvette in a PerkinElmer ® LS-5 fluorescence spectrometer (Waltham, MA). The intrinsic fluorescence was measured using excitation at 280 nm and emission at 345 nm. Fulvestrant or PAPS/PAP was titrated into the solution and the change in fluorescence measured until no additional change in fluorescence was observed. The change in fluorescence was plotted against the concentration of fulvestrant and the K d was determined from the Lineweaver-Burk plots. 29 chemical inhibition of sULT1A1 activities 2,6-dichloro-4-nitrophenol (DCNP) is a selective inhibitor of SULT1A1 enzymes. 30 DCNP was dissolved in ethanol. The final concentrations of DCNP in the SULT assay ranged from 0.1 to 10 µM. After an incubation period (15 minutes), the reactions were halted using 50 µL acetonitrile: acetic acid (96:4).
SULT1A1 genotyping
Genotyping for SULT1A1*1/2 was performed as previously described. 31 Genotype was determined by direct sequencing using the CEQ™ DTCS Quick Start Kit and the CEQ™ 8800 Genetic Analysis System (Beckman Coulter, Fullerton, CA). Genotyping for SULT1A1 3′-SNPs was performed as previously described.
18
SULT1A1 copy number assay SULT1A1 copy number determination was performed by realtime PCR in an ABI ® PRISM 7900HT Sequence Detection System using the TaqMan ® Gene Expression Absolute Quantification Assay (Applied Biosystems, Foster City, CA). A pair of unlabeled PCR primers, 5′TGCCCGCAACGCAAA3′ and 5′GGCCATGTGGTAGAAGTGGTAGT3′, and a FAM dye-labeled TaqMan minor groove binder probe, 5′ATGTGGCAGTTTCC3′, were designed to specifically amplify SULT1A1. VIC dye-labeled TaqMan RNaseP, submit your manuscript | www.dovepress.com
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Edavana et al which has two copies per haploid human genome, was used as a control. Amplification was 10 minutes of initial setup at 95°C, followed by 40 amplification cycles (15 seconds of denaturation at 95°C and 60 seconds of annealing/extension at 60°C). Each sample was examined in quadruplicate and copy number was determined using CopyCaller™ software (Applied Biosystems, Foster City, CA).
statistical analysis
Parametric (one-way ANOVA) and nonparametric ( Spearman's rank correlation) tests were used to examine the bivariate correlation between fulvestrant sulfation, β-naphthol sulfation, 17β-estradiol sulfation, SULT1A1 SNPs in coding region, and 3′ UTR and SULT1A1 copy number as appropriate. Log transformation was applied for non-Gaussian distributed variables to carry out parametric tests. Haplotypes were constructed, as described previously, 18 to assess the collective effects of 3′-UTR SNPs on fulvestrant activity. Statistical significance level was set at α = 0.05 (twosided) and all analyses were performed using SAS ® software (v 9.2, 2008; SAS Institute, Cary, NC).
Results
sulfation of fulvestrant by human liver cytosols
Interindividual variability in fulvestrant sulfation was evaluated in liver cytosols collected from 104 individuals by LC-MS/MS. The histogram in Figure 1 demonstrates the distribution of fulvestrant sulfation ranging from 0.003 to 0.55 nmol/min/mg (0.10 ± 0.11, n = 104). Sulfation activity was significantly higher in females than males (0.14 ± 0.12 vs 0.08 ± 0.10, P = 0.02), with a comparable range of activity within the male and female populations.
Additional analysis revealed positive and statistically significant correlations between the rates of formation of fulvestrant sulfate and β-naphthol sulfate (a substrate diagnostic for SULT1A1) in the 104 livers studied (Figure 2A ; r = 0.98, P , 0.0001) but there was no significant correlation found between fulvestrant sulfate and 17β-estradiol sulfate, a substrate diagnostic for SULT1E1 ( Figure 2B ; r = 0.17, P = 0.14). The findings of the study also indicated that fulvestrant sulfation in human liver cytosol was potently inhibited by DCNP, a specific inhibitor of SULT1A1 (Figure 3) . Preincubation of human liver cytosol with 0.1 to 10 µM DCNP reduced generation of sulfated fulvestrant with an IC 50 value of 1.57 µM. When 5 µM (final concentration) DCNP was added to the reaction mixture, the production of sulfated fulvestrant was also significantly inhibited (.95%).
sulfation of fulvestrant by expressed human sULTs
The ability of nine SULT isoforms (SULT1A1, 1A3, 1B1, 1C1, 1C2, 1E1, 2A1, 2B1a, and 2B1b) to conjugate fulvestrant was then investigated. SULT1E1 (1.09 nmol/min/mg) displayed the highest enzymatic activity toward fulvestrant, followed by SULT1A1 (0.628 nmol/min/mg). These differences in sulfation activity were statistically significant (P = 0.045). Other isoforms tested did not exhibit detectable activity.
To further characterize SULT1E1-and SULT1A1-mediated fulvestrant sulfation activity, kinetic analyses were performed using recombinant enzyme in the presence of substrate concentrations varying from 0.1 to 20 µM. Examination of SULT1A1 and SULT1E1 kinetics revealed a calculated K m value of 4.2 ± 0.99 µM and 0.2 ± 0.02 µM, respectively. The V max values for SULT1A1-and SULT1E1-catalyzed fulvestrant sulfation were 7.8 ± 0.10 and 62.5 ± 2.57 nmol/min/mg of protein.
The normalized V max was used to determine the efficiency of sulfation (ratio V max /K m ) ( Table 1 ). The dissociation 
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Fulvestrant sulfation constants (K d ) for binding of fulvestrant were also determined to be 2.3 ± 0.4 µM for SULT1A1 and 0.2 ± 0.02 µM for SULT1E1 (Table 1) .
Association of SULT1A1 genotype and copy number with fulvestrant sulfation
The influence of SULT1A1 genotypes on fulvestrant sulfation in human liver cytosols was then explored. When SULT1A1*1/*2 (638G . A) was examined, both fulvestrant ( Figure 4A ; P = 0.028) and β-naphthol ( Figure 4B ; P = 0.008) sulfation were significantly associated with SULT1A1 genotype. When the relationship of SULT1A1 copy number to fulvestrant ( Figure 5A , P = 0.004) and β-naphthol ( Figure 5B ; P , 0.0001) sulfation was assessed, there was found to be a significant correlation between copy number and SULT1A1 activity. The study also examined the association between haplotypes of newly reported 3′ UTR variants 18 and fulvestrant sulfation. These variants are in linkage disequilibrium with SULT1A1*1/*2 and have been demonstrated to exert more of an effect on SULT1A1 phenotype than the SULT1A1*1/*2 variant. As shown in Figure 6A , these haplotypes were significantly associated with fulvestrant sulfation. When stratified by copy number, however, the trend was no longer significant ( Figure 6B ).
Discussion
Fulvestrant metabolism involves oxidation, aromatic hydroxylation, and conjugation reactions at the 2, 3, and 17 positions of the steroid nucleus. Identified metabolites are either less active or display similar activity as the parent compound. 
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Sulfates and glucuronides of the parent compound are found in similar proportions to conjugated forms of the individual phase I metabolites (all , 10%) but, overall, the total conjugated metabolites make up a much larger proportion, with sulfation playing a predominant role. 8 Because each SULT enzyme displays a distinct pattern of tissue distribution, identifying isoforms involved in the sulfation of a given molecule is required for a better understanding of its pharmacokinetic properties.
Previous studies have identified both fulvestrant-3-glucuronide and fulvestrant-17-glucuronide, but in the present study, only the formation of fulvestrant-3-sulfate was detected. Since an authentic standard for the fulvestrant-17-sulfate was not available, it is possible that low levels of this metabolite could have also been produced. Of the nine SULT isoforms examined, only SULT1A1 and SULT1E1 exhibited enzymatic activity toward fulvestrant. Even though SULT1E1 is more efficient in catalyzing fulvestrant than SULT1A1, correlation analysis of fulvestrant sulfation in human liver showed a significant correlation with β-naphthol sulfation (diagnostic substrate for SULT1A1) but not with 17β-estradiol (diagnostic substrate for SULT1E1). This may be due to the fact that SULT1A1 is the most highly expressed hepatic sulfotransferase, while expression levels of SULT1E1 are relatively low in liver. When enzyme kinetic characteristics were compared between human liver cytosol and recombinant SULT1A1, virtually identical kinetic constants were obtained, suggesting that SULT1A1 is the primary hepatic SULT participating in fulvestrant sulfation.
Additional support for the importance of SULT1A1 in fulvestrant metabolism is the effect of SULT1A1 genotype on fulvestrant sulfation. The SULT1A1*1/*2 SNP, where the *2 variant is associated with decreased enzymatic activity, was significantly associated with both fulvestrant and β-naphthol sulfation. Likewise, the 3′-SNPs, which are in strong linkage disequilibrium with the SULT1A1*1/*2 SNP, were strongly associated with sulfation activity. There was also a significant correlation found between SULT1A1 copy number variants with activity toward either substrate. However, when SNPs were stratified by copy number, the trend became insignificant, most likely due to small numbers in each category. Larger studies are needed to truly define these relationships. Likewise, functional SNPs have been reported in the SULT1E1 coding region, 32 but these SNPs occur at a frequency of less than 1% and would therefore require a substantially larger study population to examine their contribution.
In addition to the role of SULT1A1 in the hepatic metabolism of fulvestrant, expression of SULT1A1 in breast tumors could influence tumor response to this therapy. Numerous studies have shown that SULT1A1 expression in normal breast tissue is low, but expression is upregulated in breast tumors, while expression of SULT1E1 is evident in normal breast epithelia, but low in breast tumors. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] For this reason, genetic and epigenetic factors influencing the tumor expression levels of SULT1A1 could predict response to fulvestrant therapy. However, SULT1E1 exhibited significantly higher activity towards fulvestrant, and its contribution to the overall metabolism in tissues expressing SULT1E1 may be substantial. Further studies are needed to fully define the role of sulfation in fulvestrant metabolism.
Limitations of the study include the exclusion of all races except Caucasians. Since allele frequencies of SULTs vary across ethnic groups, it will be necessary to accrue more samples before examining fulvestrant sulfation in other ethnic groups. Future studies will include the search for other genetic variants that could influence sulfation in order to more fully elaborate the contribution of genetic variants to fulvestrant sulfation. Studies examining SULT1A1 SNPs in a clinical trial population who receive fulvestrant for metastatic breast cancer are currently underway.
In summary, the formation of sulfated fulvestrant from fulvestrant in vitro is mediated predominantly by SULT1A1 in liver, the expression and activity of which varies substantially between individuals. A similar degree of variability can be expected in the formation of sulfated fulvestrant in vivo. Activity toward fulvestrant in human liver cytosols was significantly associated with SULT1A1*1/*2 genotype, SULT1A1 3′-UTR genotype, and SULT1A1 copy number. Future studies of fulvestrant pharmacogenomics should include functional genetic variants of both SULT1A1 and SULT1E1, which could contribute to treatment decisions for those with unfavorable SULT genotypes in the future.
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